Abstract : Rapid adapting type-I (RA-I) receptor is one type of mechanoreceptors in the human skin. They are believed to be responsible for the detection of stimuli that produce minute skin motion (flutter, slip, microgeometric surface features). The neurophysiological experiments in the paper [J.R. Phillips et al. J. Neurophysiol., Vol. 46, pp. 1192-1203] raise a question about why the RA-I afferent (innervated into RA-I receptor) fails to represents the stimulus with the width less than 3 mm and why their response is anisotropy. It is unclear whether the skin's mechanics or the specific afferent branching of mechanoreceptors themselves are accounted for these phenomena. The present work seeks an interpretation of the neurophysiological phenomena, using a biomechanical finite-element (FE) model with a transduction sub-layer and synthetic sub-model for afferent current. The predicted afferent current matched well with the neural recordings in previous reports. This result suggests a major role of afferent branching in regard to the neurophysiological phenomena.
Introduction
The human sense of touch is known as the results of neural activity of different mechanoreceptors, distributed all over the skin. They are rapid adapting type-I (RA-I) receptors, type II (RA-II) and slow adapting type-I (SA-I), type-II (SA-II), each responding to different stimulus characteristics (for details, see [1] ).
Rapid adapting type-I (RA-I) receptors are believed to be responsible for the detection of stimuli that produce minute skin motion (flutter, slip, microgeometric surface features). The neurophysiological experiments on monkey (for instance, Phillips et al. [2] , Blake et al. [3] ) showed that the RA-I afferents fail to represent the stimulus with the width less than 3 mm. A recent study from Bensmaia et al. [4] reveals the anisotropy in afferent response to grating orientation. It is unclear whether the skin's mechanics or the specific afferent branching of mechanoreceptors themselves accounted for these phenomena.
There has been a number of publications using solid mechanics technique to study the mechanics of touch. Srinivasan [5] , Maeno [6] , Wu [7] , and Gerling [8] have established a popular use of the 2D finite-element (FE) model of cross-sectioned fingertip, involving with fingerprint ridges and/or dermal papillae. In these works, the distribution of stress and strain in the skin's tissues are computed and compared with the in vivo neural recordings. So far, the focus has been on SA-I receptor (with Merkel cells as endings organ), a little attention has been given to the RA-I receptors. The 2D model assumes an unre-alistic identical geometry along the depth direction, thus it is insufficient for investigating the population response of RA-I receptors. Some recent 3D models [9] , [10] attempted to implement the realistic morphology of Meissner corpuscle (ending organ of RA-I afferents). Because of the extreme complexity of Meissner corpuscle, i.e. the spirals shape axons sandwiched between lamella cells (for details, see [11] ), neither the population response nor the afferent branching were examined.
The present work seeks an interpretation of the tactile neurophysiological phenomena, using a biomechanical FE model. We have investigated a 3D FE model of skin for the analysis of mechanical response [12] . This work presents the population response of RA-I by using the 3D FE model. Three dependent variables, i.e. strain energy density (SED), receptor current, and afferent current are used to predict the population response of RA-I. In this paper, we describe design of transduction sublayer for transforming SED response into receptor current and a synthetic model for afferent current. Although the relative contribution of stress and strain to RA-I receptor current is not fully known, SED at RA-I receptor position was used as a proxy measure. The predicted afferent current which was the summation of receptor current in longitudinal sections showed a good fit to neural recordings in regard to the neurophysiological phenomena mentioned above.
Method

FE-Model of Skin Mechanics
A 3D finite-element model of skin was used, including three homogeneous layers, i.e. epidermis, dermis, and subcutaneous layer (Fig. 1) . The model was developed previously in [12] . Two microstructures, fingerprint and dermal papillae (the middle region between epidermis and dermis) were included. The dermal papillae were developed based on the description of Cauna et al. [13] with uneven structure in both z-axis and xaxis. In nature, the RA-I receptors are positioned within the apexes of dermal papillae. Therefore, this configuration allows us to precisely locate the RA-I-population, and examine their response in three dimensions. The dimensions of components like fingerprints and thickness of each layers are similar to Maeno et al. [6] , except the thickness of subcutaneous layer was 1 mm. In front view, the thickness of the epidermis and the dermis is 0.75 mm and 1.35 mm, respectively. The interval between the protuberances in the fingerprints is 0.44 mm and the interval between the protuberances in the dermal papillae is 0.22 mm. The length of dermal papillae tips along x-axis is twice as long as those along z-axis in respect to their natural dimensions. Table 1 shows the assigned material properties. The model is linear elastic. All analyses were performed using Abaqus Standard (version 6.15) software in implicit mode. The ten-node tetrahedral elements (C3D10) were used for surface-to-surface contact. The bottom edges of subcutaneous layer were restrained while the other surfaces (i.e, the surrounding surfaces and the top surface of the epidermis) were unrestrained. This restraint condition allows the model to deform freely as the real skin. Since the indentation was small, the coefficient of friction between the skin and indenters was assumed as zero. The result of the validation with the line-load method is described in Section 3.1. The total nodes and elements were 207,154 and 131,769, respectively.
The model also included a transduction sub-layer which transforms the SED at RA receptor into receptor current (I). The stimulus-current curves at receptors such as hair cells and pain receptors have been shown to be sigmoidal in previous works [14] , [15] . Therefore, this work employs a sigmoidal function (Eq. (1)). α, γ, λ are the model parameters obtained through model fitting when the difference between model predictions and in vivo firing rates is minimized.
I(S ED)
The model fitting at this layer is achieved through response surface methodology (RSM) [16] as in [17] . The RSM was designed with three parameters (α, γ, λ) and two levels (coded values: 1 and −1) for each. This yielded eight factorial runs and one supplement run where all parameters take the coded value 0, in each iteration. The RSM process repeated until little or no decrease in sum of squared deviations (ssd) between predicted response and observed response (total three iterations). Both predicted response and observed response were normalized beforehand (Eq. (6)). The RSM processing was developed and conducted in Python with support of PyDOE and Scikit-Learn libraries.
One iteration of RSM process consists of five subsequent steps. First, the model parameters are coded into χ k (for k = α, γ, λ) by
where Δξ k are code increments, ξ kbase are start value of parameters. As suggested in [17] , the code increments were set at 5% of the associated ξ kbase . The start values of parameters and code increments were estimated initially through trial and error ( Table 2 ). In the subsequent RSM iterations, they are the values that minimized the ssd in previous iteration.
In the second step, the coded parameters χ k are varied in each factorial run. The model parameters ξ k are calculated for each coded parameter, and then the receptors current at each location is obtained by Eq. (1) . The ssd between each dataset of receptors current and experimental data is calculated.
In the third step, first order approximation of the relationship between the coded parameters is obtained by the linear regression given as
In the fourth step, the change in the coded variable, Δχ k is calculated to most significantly decrease the ssd as follows:
where β k are the regression coefficients for each coded parameter in Eq. (3) and β max is the regression coefficient that has the greatest absolute value. Then the new coded variable χ k is calculated by adding the Δχ k to the old coded χ k . In the fifth step, the model parameters are recalculated with the new coded variable χ k . The calculation of the model parameters repeats until ssd no longer decreases. After this step, the RSM process repeats.
Synthetic Model of RA's Population Responses
The idea of integration model for RA's population responses is based on the fact that there are small number of afferent fiber in fingertips connecting to a huge number of receptors. Previous work in neurology shows that the density of RA-I receptor ranges from 12 to 38 receptors/mm 2 , while the number of associated afferents has been estimated at 140 afferents/cm 2 in human fingertip (for details, see [18] , [19] ). A quick calculation gives that one afferent may be in charge of 9-17 receptors. It is reasonable to think the afferent current is basically a combination of its related receptor currents.
Since each RA receptor may produce a different receptor current, this work considers them as the electrical components in a parallel circuit (Fig. 2) . Therefore, the output (I A -Afferent current) of each afferent would be a summation of these receptor currents (Eq. (1)) in one single longitudinal section or one single cross-section (to fingerprint). 
This work examines which combination approach would yield a better fit to experimental data. Table 2 gives the final model parameters α, γ, λ of transduction sub-layer, relevant to each combination approach. Table 2 The transduction sub-layer parameters. 
Analyses
Validation analyses
To verify the usability of the model in this study, a series of preliminary analyses were conducted. First, the elastic behavior of the model was validated by comparing the surface deflection with experimental data from Srinivasan [20] when penetrated by a rigid line.
The second validation involves with a 2 mm × 2 mm plane indented into skin surface to the depth of 1 mm. The normalized strain energy density (SED) at SA-I mechanoreceptor position was fitted and compared to neurophysiological recording ( [2] ). The normalized variable ε i over i samples (i.e. RA-I receptor locations) was given by:
where A i is the dataset of absolute value of SED at the location of the i th RA-I receptor. The relationship between SED and experimentally recorded response is assumed linear as in [8] , [21] . The goodness of fit R 2 is given by
where the difference between the predicted response e i and the reported neurophysiological response d i [21] at the location of the i th RA-I receptor is minimized. Note that the SED at SA-I position was used because they are common in this type of validation. The main analysis did not concern with SA-I responses.
of indentation The main analysis consisted of a series of square indenter (the width takes varies at 0.44 mm, 0.66 mm, 0.88 mm, 1.1 mm, and 1.32 mm) and was executed in two steps. First, the indenters ramped vertically to the skin surface (to the depth of 0.5 mm). The analysis time was 0.1 s for each. The time-dependence of the deformation was not shown in this paper. We focus on the response at the very moment when the indenter reached the prescribed displacement because the SED was highest at that moment throughout the indentation process.
In the next step, the SED values are collected at RA-I receptor positions. We plot the contour of SED values to observe their distribution in three-dimensions.
Synthetic model analysis
The synthetic analysis was conducted under two approach, i.e, longitudinal sections combination and cross sections combination. The longitudinal sections are those that parallel to the long axis of the fingerprint (z-axis in Fig. 1 ), and the crosssections are those that perpendicular to it (x-axis in Fig. 1 ). The afferent currents in both conditions were normalized and compared with experimental recorded data from Blake [3] . The reason for choosing Blake's data over these others is due to the similarity in choosing stimulus.
Furthermore, the better combination approach in previous step would be used for predict the afferent current response when the skin model is indented by a 4 mm × 4 mm plane. As the experimental data [3] indicates the model should be able to discriminate two edges of indenters larger than 4 mm × 4 mm. Because the presented model is smaller than the indenter, a specific 2-times larger model is developed to complete this task. The larger model is validated by the same methodology as mentioned above (results not shown). The larger model was not used in the first examinations due to two reasons. Firstly, the original model performed well with small indenters, and the dimensions of the original model were sufficient to cover the SED distributions generated by small indenters (see Section 3). Secondly, the calculation is very time-consuming and expensive.
Results
The results from model validation, dynamic response analysis, and synthetic post-processing are shown as below. Figure 3 shows the skin surface deflection when indented by a line indenter, compared with the experimental measurements by Srinivasan [20] and the deflection result from a conventional elastic model by Gerling [8] .
Model Validation Results
The second validation where the obtained SED at SA-1 receptor location is compared with neurophysiological recording, yields R 2 of 0.88. The normalized and fitted SEDs overlay the recorded data [21] in Fig. 4. 
Mechanical Response Analysis
The predicted population responses of RA mechanoreceptor (estimated by SED) in vertical displacement process are shown in Fig. 5 . An interchange zone where the SED varied in peakvalley-peak pattern appeared in all analyses involved with an indenter larger than 0.66 mm × 0.66 mm. The peaks of SED shifted to the apexes of dermal papillae near the edges and cor- Fig. 3 Comparison of the predict profile of skin surface with the previously reported model [8] and the experimental data [20] . The indenter was a rigid line. Fig. 4 Comparison of the normalized and fitted SED profile with the previously reported neurophysiological data [21] . A 2 mm × 2 mm plane indenter was placed at the center of the model. The gray indicates the region which is not considered in this work.
ners of the indenter.
Synthetic Model Analysis Results
The predicted afferent currents in longitudinal sections combination and cross-sections combination are shown in Fig. 6 and Fig. 7 ; the horizontal axis shows the distance from the center of the model in x-axis and z-axis, respectively. In longitudinal sections approach, the difference between peak and valley of interchange zone (as shown in Section 3.2) can be seen remarkably reduced after combination. In cross-sections approach, the afferent current profile is similar to the population current profile of receptors in one single section. The goodness of fit R 2 is 0.95 and 0.90 for the longitudinal sections approach and the cross-sections approach, respectively.
The population response of RA-I receptor to a 4 mm × 4 mm indenter is shown in Fig. 8 . The SED was transformed into receptor current with parameter from Table 2 (longitudinal sections combination) and then summed together. Both predicted responses and observed responses were normalized before comparing. An interchange zone can be seen in the middle of both profiles.
Discussion
This work employs a finite-element model of skin mechanics, a sigmoidal transduction function and a synthetic model of receptor current. The elastic behavior of our model was validated through the standard line-load method (Fig. 3) , and showed a good fit to experimental data [20] (especially in the limited range of indenters involved in this study). Another validation method (Fig. 4) shows that our model could be used for neurophysiological data related experiments. Technically, since the conjunction part of epidermis and dermis was complex, we used the free meshing technique in Abaqus software [22] for the whole model (without mirroring). Hence, the mesh was a little asymmetric, resulting in the following asymmetric SED profiles as shown in Figs. 4, 6 , and 7. In this study, the asymmetry of SED profiles does not appear to affect the final result but should be taken care of in future work.
An interchange zone can be seen in the SED profile of a small indenter (Fig. 5) . Hence, the SED profile appears to highly correlate to the edges of an indenter at the widths of 0.88 mm × 0.88 mm and larger. The SED profile also appears to be isotropic in most cases. The mechanical response was mismatched with the neural recordings of [3] where the RA-I response showed only one peak for the small indenters. This result suggests that the SED is insufficient for explaining the neurophysiological phenomena shown in [3] .
On the other hand, the response behavior of afferent current when the width of an indenter increased is similar to what was observed in neural recordings of [3] . The synthetic model analysis results in a good prediction of the RA-I population response to the plane indentation with various widths (from 0.44 mm to 4 mm). The model produces a single peak in response profile for a small indenter (0.88 mm × 0.88 mm) as shown in Figs. 6 and 7, and two separated peaks for a large indenter (4 mm × 4 mm) as shown in Fig. 8 . The synthetic model of RA-I receptor current into afferent current was examined in two approaches: the longitudinal sections summation and the cross-sections summation. The cross-sections summation shows a modest change in response profile Fig. 7 while the response profile in longitudinal sections summation shows a better fit to the experimental recorded data. This result is expected since the longitudinal sections summation showed a smaller ssd than that in the cross-sections summation ( Table 2 ). The change of parameters in the longitudinal sections summation was also highly remarkable, suggesting that after RSM process the transduction sub-layer has already preferred the longitudinal sections summation to the cross-sections summation.
Our results support the hypothesis where the specific afferent branching is the major contributor for the uniform response to stimulus smaller than 3 mm × 3 mm, and the anisotropy in the neural recordings of RA-I afferent [4] . This finding also gets along with the previously anatomical observations in humans [13] , [23] and monkey [19] which show the RA receptors connecting to each other in longitudinal sections (along the finger ridges). On other hand, the skin microstructure may contribute to the direction-dependence behavior of afferent current as they have been shown to affect the SED response in [6] . The possible factors include the different lengths of dermal papillae, the different geometry of longitudinal-section and cross-section of fingerprints. Therefore, a further analysis is required to confirm the effect of these factors to the direction-dependence behavior of afferent current.
There are two advantages of the presented model in this paper comparing with the others. Firstly, the 3D structure of skin allows us to predict the mechanical response of a population of RA-I receptors at precise positions [12] . Secondly, our model used two additional sub-layers to convert the SED into afferent current. All RA-I receptors were assumed as the electrical components connected in a parallel circuit. Hence, the current of a single-afferent could be extracted as the summation of its related components. Both the anatomical observations and experiment results in this study support this assumption. A technical improvement for investigating population response of RA-I receptor involves with the prediction of firing rate and first spike latency. Recent study [24] shows that the first spike latency, i.e. the time between stimulus onset and the first spike, provides reliable information about direction of fingertip force and object shape faster than rate codes, especially in the case of RA-I afferents. The transformation from SED into firing rate (spikes/time) has been conducted somewhere for SA-I receptors [17] or single RA-I receptor [9] . Those models employ a leaky integrate and fire model to predict the neural spikes and spike times, which results in a good fit to experimental data. Note that the leaky integrate and fire model restricts Fig. 7 Comparison of normalized SED, receptor current, afferent current profiles to experimental data form Blake [3] in the case of crosssection combination. The indenter was 0.88 mm × 088 mm plane. The horizontal axis shows the distance from center of the model along z-axis.
input to vibration magnitude and frequency, thus relevant material parameters (such as the visco-hyperelasticity) should be considered.
Furthermore, the precise combination of receptor current in nature is usually more complex, given that one RA receptor is innervated by multi-neural fibers and one parent fiber already divides multiple times beforehand. It indicates that either (1) the cross-effect between neighbor fibers, or (2) the irregular combination at different level of transduction process should be taken into account in future work.
The tiny dimensions and complexity are the major drawbacks of our model. Despite the validation results are equivalent to the others, our model is supposed to be valid in the limited range of indenters (smaller than 2 mm × 2 mm) owing to the small dimensions. The model also lacks the realistic boundary conditions of skin since the rigid components of the finger, such as bone and nails, were absent and the coefficient of friction was assumed zero. Our results in this paper are encouraging and should be validated in a larger model where the layers of skin Fig. 8 Comparison of afferent current profile with the previously reported neurophysiological data [3] . The indenter was 4 mm×4 mm plane. The gray indicates the region which is not considered in this work.
are described in better details, for instance, the full model of a fingertip in [9] . Because each dermal papilla was fixed at the size of 0.11 mm × 0.11 mm, the calculation could become extremely time-consuming (along with the increased number of dermal papillae) for a larger model. One could consider either (1) using an appropriate small number of dermal papillae or (2) employing a neural network for speeding up model predictions.
Conclusion
The skin model in this work combines an FE model of skin mechanics, a sigmoidal function of transduction, and a synthetic sub-model for afferent current for investigating the population response of RA receptors. Two approaches for combining receptor currents into afferent current were examined, i.e. the longitudinal sections approach and the cross-section approach. The longitudinal section approach yields a better result than that in cross-section approach. The afferent response to 0.88 mm × 0.88 mm plane indenter matched published neurophysiological profiles with 0.95 goodness of fit (longitudinal approach). The response behavior of RA receptors to various widths of the plane indenter is similar to that observed in neural recordings. The model can be used for further investigating the mechanism underlying the population response of RA receptor to many types of stimulus such as depressed patterns, gratings, and slipping.
